Using X-ray grazing incidence diffraction (GID) it is possible to perform a non-destructive analysis of the heterogeneous stress field for different volumes below the surface of the sample. The stress can be measured at very small depths, of the order of a few m. The penetration depth of radiation is almost constant in a wide 2 range for a given incidence angle . It can be easily changed by an appropriate selection of  angle (or also by using a different type of radiation). There are, however, some factors which have to be corrected in this technique. The most important is the refraction of X-ray wave: it changes the wave length and direction of the beam. The both effects modify a pick position. A corresponding correction was calculated and tested on ferrite powder and on 316L austenite stainless steel sample.
INTRODUCTION
Classical sin 2  method is one of the basic methods for determination of residual stresses and elastic properties of polycrystalline materials. The main disadvantage of this method is a variable penetration depth, which depends on  angle. For this reason the classical sin 2  method cannot be used to study materials with a high stress gradient. In this work, the X-ray diffraction geometry based on the grazing angle incidence (so called GID-sin 2  method) is discussed and applied for stress measurement. Using this method, it is possible to perform a non-destructive analysis of the heterogeneous stress for different (and well defined) volumes below the surface of the sample. Moreover, the stress can be measured at very small depths, of the order of a few micrometers. The incidence angle is small (a few degrees); consequently it is necessary to take into account additional factors which are not significant in classical geometry. The most important one is the refraction of X-ray beam. Other factors which can be significant for the final result in the GID method will be also considered.
CLASSICAL AND GRAZING INCIDENCE GEOMETRY FOR STRESS DETERMINATION
In the symmetric Bragg-Brentano geometry or classical sin 2  geometry,  angle (between scattering vector and sample surface normal) is changing during experiment [1, 2] . The main disadvantage of this method is a varying penetration depth, which depends on 2 and  angles.
The penetration depth is defined as the distance from the surface at which the radiation intensity falls to some fraction (e.g., 1/e) of the original value [3, 4] . For symmetrical geometry the penetration depth is described by:
where G t = 1-1/e, i.e., G t 0.63. Because the penetration depth strongly depends on  and  angles, this method cannot be used when large macro-stress gradients are present. In GID geometry (GID-sin 2  method) one has a small and constant incidence angle  (Fig.1) and different orientations of the scattering vector (variable 2 angle for a constant wavelength) [5, 6] . Only detector moves in GID geometry and  {hkl} angle is expressed by equation:
Fig. 1. Geometry of GID-sin 2  method
The  {hkl} angle depends on the incidence angle () and on the type of reflection {hkl}. Possible values of  {hkl} angles are limited to the number of hkl reflections used in the experiment. By means of a simple geometry it can be shown that the penetration depth t in GID-sin 2  geometry is:
where G t = 1-1/e, i.e., G t 0.63. The penetration depths vs. sin 2  for classical and GID geometries according to Eqs.1 and 3 are presented in Fig.2 (a high absorption of Cu radiation in Fe sample is caused by large fluorescence).
The main advantage of GID method is almost constant penetration depth vs. sin 2  for a fixed  value and the wavelength of radiation. However, the penetration depth can be changed by a selection of the incidence angle. This gives a possibility to investigate materials with a stress gradient. Choosing appropriate  values and a type of radiation it is possible to measure stresses from different volumes below the surface. In GID-sin 2  method, the <d()> {hkl} interplanar spacing is measured in directions defined by the  and  angles for different hkl reflections. This experimental data can be easily analysed by the multi-reflection method and residual stresses can be determined for every incidence angle  [5, 6] .
The interplanar spacing measured in the direction of scattering vector is given by the well known relation [7] , which can be rewritten for equivalent lattice parameters a hkl : 
is the average macrostress for the penetration depth t corresponding to a given incidence angle , while s 1 } {hkl and 2 1 s 2 } {hkl are the diffraction elastic constants for the studied quasi-isotropic sample, calculated for different hkl reflections (determining  {hkl} angles -Eq. 2). 
CORRECTIONS IN GRAZING INCIDENCE DIFFRACTION GEOMETRY
Similarly as in symmetrical Bragg-Brentano geometry, in order to estimate stresses it is necessary to consider all factors which influence the final result and to apply accurate corrections. The position of diffraction peak for a given diffraction pattern depends on several parameters [3, 4] like: absorption, Lorentz-Polarization, atomic and refraction factors. They should be considered in data analysis.
Absorption Factor
The intensity of diffracted beam is affected by absorption, which is directly related to the beam path length in a sample. Taking into account the diffraction geometry (Fig. 3a) and performing necessary calculations one finds the following expression for the measured peak intensity:
The absorption factor for two different incidence angles is presented in Fig.3b . In the 2 range between 40 0 and 140 0 this factor is practically constant. For small and high 2 angles the absorption factor changes quickly and this changes a peak position. This effect has to be taken into account in data treatment. 
Lorentz-Polarization Factor
The Lorentz-polarization (LP) factor [3, 4] depends only on  angle:
It is shown in Fig. 4a . Similarly, as in the case of absorption this correction is significant for small and high angles 2.
Atomic factor
The atomic scattering factor, f, is used to describe the "efficiency" of scattering of a given atom in a given direction. In general it changes quickly with  angle, hence it causes some peak shift.
Values of this factor can be found in crystallographic tables. The example variation of f vs. sin/ for iron is shown in Fig. 4b . 
Refraction factor
This factor has a strong influence on peak position. The refraction index for X-ray radiation in metals is slightly smaller than one [8] [9] [10] . If anomalous dispersion is ignored it is given by:
Fig. 5. Effect of refraction in grazing incidence diffraction geometry.
For wavelengths below 2Å,  is of the order of 10 -4 to 10 -5 , depending on the density of the material. Propagation direction and the wave length of incident beam are changed when passing across the boundary of two media and, consequently, 2 angle is modified (Fig.5) . Taking both effects into account and performing elementary calculations one finds for the peak shift (formula equivalent to Eq.4 in [8] ):
The correction for X-ray refraction depends on the incident beam angle , Bragg angle 2 and on the material constant (). The variation of this correction versus incidence angle and Bragg angle is shown in Fig. 6 . The correction for refraction strongly depends on the incidence angle . 
EXPERIMENTAL RESULTS
Experimental verification of the discussed corrections was performed for the sample of 316L austenite stainless steel after grinding treatment. Chemical composition of the sample is listed in Table 1 . The surface of the sample was ground at the work piece speed of v w = 1 m/min and the depth of cut equal to d c =1 m was applied. The GID measurements were performed with X-Pert Philips and Seifert X-ray diffractometers using Cu and Fe radiations, respectively. In both diffractometers the point collimator (diameter of 1.5 mm) for the incident beam and parallel slits for the secondary beam (parallel optic) were applied. The interplanar spacings were determined for different reflections hkl (see Eq. 4) and analysed using multi-reflection method. The alignment of experimental set-up for GID geometry was first checked on a powder sample of ferrite iron. Taking into account the isotropic properties of this sample, the relation:
was assumed. In this case, zero stress should be obtained for each incidence angle , i.e., for different penetration depths t. It is worth to notice that all corrections decrease the value of stresses. We found that corrections for absorption, atomic and Lorentz-polarization factors influence only slightly the estimated stress. However, when refraction correction is introduced, a significant change of stress values is observed. In powder samples this stress reduction reached even the value of about 50 MPa and in the ground 316L samples this reduction was 60 to 80 MPa. Application of the considered corrections leads to a good agreement between two series of measurements (with Cu-radiation and Fe-radiations) -  -25 MPa) was found independently of the  angle (Fig.7) . This value should be treated as a possible systematic error caused by the effects not considered in this work, for example impact of surface roughness [11] (R a = 1.6 ìm for the studied austenitic sample) or misalignment of the experimental setup. We noted, that in the case when corrections were applied, one observed a smaller dispersion of experimental points around the correct zero value (Fig.7) . The surface of the 316L stainless steel was subjected to grinding treatment in one direction. Consequently, the asymmetry of plane stress (i.e., ) is expected. Exemplary results of analysis for the ground steel are shown in Fig. 8 . The diffraction elastic constants, used in the calculations, were obtained using the self-consistent model [12, 13] . It should be noted that good continuity of the measured stress components (  ) vs. depth was obtained using GID technique with Cu and Fe radiations. A small discontinuity in the measured stress evolution is probably caused by a large difference in absorption coefficients for Cu and Fe radiations. As a consequence, the sampling volumes are not exactly equivalent when the same penetration depth is calculated from Eq. 3 for these radiations. Finally, an additional measurement, using standard 
SUMMARY
Asymmetric geometry is applied in GID method. Penetration depth of radiation is almost constant during experiment and it can be easily changed by an appropriate selection of the incidence angle or by using a different type of radiation. Variation of penetration depth enables investigation of materials with stress gradient. Classical sin 2  method cannot be applied for this purpose, because penetration depth varies during experiment. To eliminate any sample surface displacement effects on the peak position, the parallel beam optic was used in the measurements. It should be stated that before measurements the diffractometers were carefully aligned and checked on the powder samples. A poorly aligned instrument or application of another beam optic could yield errors much larger than the lack of any correction introduced in this work. Refraction of electro-magnetic wave (with refraction coefficient smaller than one) causes two effects: it changes the wavelength and the direction of the beam inside a sample. They change 2 angle and shift the pick position. This shift has to be considered in data treatment. For small incidence angles (10 0 ) the corrections are significant and can modify the resulting stress even of 60-80 MPa. The refraction correction decreases with growing incidence angle. Our analysis confirmed a relatively small influence of other correction factors on determined stress values.
